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Practional Flow Reserve of
nfarct-Related Arteries Identifies
eversible Defects on Noninvasive Myocardial
erfusion Imaging Early After Myocardial Infarction
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OBJECTIVES We hypothesized that fractional flow reserve (FFR) of an infarct-related artery (IRA) early
after myocardial infarction (MI) identifies inducible ischemia on noninvasive imaging.
BACKGROUND Early after MI, IRAs frequently have angiographically indeterminant lesions. Whether FFR
can detect reversible perfusion defects early after MI when dynamic microvascular abnormal-
ities are present is not known.
METHODS Rest and dipyridamole (DP)-stress 99mTc sestamibi single-photon emission computed
tomography (SPECT) were performed in 48 patients 3.7  1.3 days after MI, with 23
patients undergoing concurrent myocardial contrast echocardiography (MCE). Angiography,
FFR, and percutaneous coronary intervention (PCI) of the IRA (as necessary) were
subsequently performed. Follow-up SPECT was performed 11 weeks after PCI to identify
true reversibility on baseline SPECT.
RESULTS The sensitivity, specificity, positive and negative predictive value, and concordance of FFR0.75
for detecting reversibility on SPECT were 88%, 50%, 68%, 89%, and 71% (chi-square 0.001),
respectively; which improved to 88%, 93%, 88%, 93%, and 91% (chi-square0.001), respectively,
for the detection of true reversibility. The corresponding values of FFR 0.75 for detecting
reversibility on DP-MCE were 90%, 100%, 100%, 75%, and 93% (chi-square 0.001),
respectively, and on either SPECT or MCE were 88%, 93%, 91%, 91%, and 91% (chi-square
0.001), respectively. The optimal FFR value for discriminating inducible ischemia on nonin-
vasive imaging was 0.78.
CONCLUSIONS Fractional flow reserve of the IRA accurately identifies reversibility on noninvasive imaging
early after MI. These findings support the utility of FFR early after MI. (J Am Coll Cardiol
ublished by Elsevier Inc. doi:10.1016/j.jacc.2006.01.0652006;47:2187–93) © 2006 by the American College of Cardiology Foundation
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isk stratification after myocardial infarction (MI) may be
erformed either noninvasively (1–3) or angiographically
4,5). The latter provides only anatomic information, and
tenoses of the infarct-related artery (IRA) often appear
ndeterminate.
Fractional flow reserve (FFR) has been developed as an
nvasive physiologic index of lesion severity and, if validated
n this setting, would allow combined anatomic and phys-
ologic evaluation of IRAs to determine suitability for
evascularization. Although a FFR 0.75 correlates well
ith noninvasive determinants of ischemia in normal myo-
ardium and late after MI (6,7), it is not known whether
FR has utility early after MI, a period characterized by
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ward (K08-HL03909) from the National Institutes of Health.c
Manuscript received October 18, 2005; revised manuscript received January 5,
006, accepted January 9, 2006.icrovascular injury and increases in microvascular resis-
ance as well as dynamic flow changes.
We hypothesized that a FFR 0.75 of the IRA early
fter stabilized MI will correlate with inducible ischemia on
oninvasive imaging. Although dipyridamole (DP)-stress
9mTc-sestamibi single-photon emission computed tomog-
aphy (SPECT) is frequently used for early post-infarction
isk stratification, it may underestimate reversibility early
fter MI. We therefore also compared FFR to DP myocar-
ial contrast echocardiography (MCE), which offers better
patial resolution than SPECT.
ETHODS
tudy population. The Human Investigation Committee
t the University of Virginia approved the protocol, and all
atients consented to participate in the study. Patients
eferred for angiography two days after non–ST-segment
levation myocardial infarction (STEMI) and three days
fter STEMI were enrolled. The diagnosis of MI was sup-
orted by typical ischemic chest pain and/or a troponin I (TnI)
5 with electrocardiographic changes of ischemia. Exclusion
riteria were: 1) priorMI within the infarction bed; 2) ongoing
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Fractional Flow Reserve Early After MI June 6, 2006:2187–93schemia or hemodynamic instability; 3) prior bypass of the
ndex artery; 4) contraindication to DP or FFR; 5) complex
hree-vessel or left main disease; or 6) occlusion of or
nability to determine the IRA lesion.
atheterization and angiography. Biplane left ventricu-
ography was performed in right and left anterior oblique
iews. The infarct risk area was identified by two blinded
nvestigators and defined as the number of segments on
entriculography supplied by the culprit lesion divided by a
otal of 14 segments (corresponding to the SPECT
rogram).
A single observer performed quantitative coronary an-
iography (QCA) offline using a computer-assisted program
DICOM, Heartlab Inc., Westerly, Rhode Island) as pre-
iously described (8). The luminal diameter proximal and
istal to the stenosis (reference diameter) and minimal
uminal diameter were determined for all lesions. The
ercent diameter stenosis (DS) was calculated as the ratio of
he minimal luminal diameter to reference diameter.
etermination of FFR. Following angiography, FFR was
etermined using a 0.014-inch sensor-tipped high-fidelity
ressure wire (RADI Medical, Uppsala, Sweden) as previ-
usly described (8). Heparin (50 U/kg) was administered
ntravenously. Simultaneous distal coronary and aortic pres-
ures were recorded at baseline and during hyperemia
induced by intracoronary adenosine-30 g in the right
oronary artery and 40 to 60 g in the left coronary artery).
he FFR was calculated as the ratio of the mean distal
ntracoronary pressure to mean aortic pressure at the time of
eak hyperemia. The FFR measurements were repeated
fter percutaneous coronary intervention (PCI) in 37 of 43
atients.
ercutaneous intervention. Percutaneous coronary inter-
ention was performed at the discretion of the clinician and
nterventionalist. All patients received glycoprotein IIb/IIIa
Abbreviations and Acronyms
DP  dipyridamole
DS  diameter stenosis
FFR  fractional flow reserve
IRA  infarct-related artery
MCE  myocardial contrast echocardiography
MI  myocardial infarction
NPV  negative predictive value
NS  not specified
PCI  percutaneous coronary intervention
PI  pulsing intervals
PPV  positive predictive value
QCA  quantitative coronary angiography
SDS  segmental difference score
SPECT  single-photon emission computed tomography
SRS  segmental rest score
SSS  segmental stress score
STEMI  ST-segment elevation myocardial infarction
TnI  troponin Inhibitors and intracoronary stents. moninvasive imaging. PROTOCOL. Rest-DP stress 99mTc-
estamibi SPECT and MCE were performed concurrently
ithin 24 h of angiography and FFR determination. One hour
fter injection of 240 to 300 MBq of 99mTc-sestamibi at
est, SPECT imaging was performed using a Picker Prism
000 triple-headed gamma camera (Picker, Cleveland,
hio), followed by resting MCE. Three hours later, 0.56
g · kg1 of dipyridamole was administered over 4 min,
ollowed by an intravenous injection of 750 to 900 MBq of
9mTc-sestamibi. Immediately following the administration
f 99mTc-sestamibi, MCE was repeated. One hour later,
tress SPECT images were obtained. Continuous monitor-
ng of the electrocardiogram and vital signs were obtained
uring stress. Repeat rest-DP SPECT studies were per-
ormed three months following PCI.
9mTc-SESTAMIBI SPECT. Quantitative determination of seg-
ental 99mTc-sestamibi uptake was performed using the
niversity of Virginia program (14 segments per patient)
9). Two observers interpreted SPECT studies. Discordant
nterpretations were resolved by consensus. Individual seg-
ents were classified as being normal or abnormal. Abnor-
al stress perfusion defects were further classified as mild or
evere. The abnormal stress images were compared with
orresponding rest images and considered reversible, par-
ially reversible, or fixed based on improved tracer uptake at
est. The SPECT reversibility was defined as at least one
eversible or partially reversible segment in the infarct risk
rea.
For semiquantitative analysis, a segmental stress score
SSS) was derived from the stress images by allocating
ormal segments a score of 0, mild defect a score of 2, and
evere defects a score of 4. Segmental rest scores (SRS) were
llocated as follows: fixed defects: SRS  SSS; normal rest
erfusion: SRS  0; partially reversible mild/moderate
efects: SRS  1; partially reversible severe defects: SRS 2.
egmental difference score (SDS), a semiquantitative
arker of reversibility, was defined as the numeric difference
etween the stress and rest scores.
True negative SPECT was defined as a normal or fixed
efect when the initial stress images were paired with
ost-PCI rest images (in order to adjust for known early
ost-MI reduced rest tracer uptake rendering reversible
efects fixed). True positive SPECT was defined as revers-
ble SPECT images (utilizing post-PCI rest images) that
ecame fixed or normal after revascularization.
To investigate the ability of FFR to detect noninvasive
schemia in different degrees on infarction, we divided 21
atients with true noninvasive ischemia on SPECT or
CE into three groups based on TnI level: TnI10 ng/dl,
mall MI; TnI 10 to 100 ng/dl, moderate MI; TnI 100
g/dl, large MI.
CE. For MCE, Definity (Bristol-Myers Squibb Medical
maging, Billerica, Massachusetts) was diluted in saline and
nfused (AS50, Baxter, Deerfield, Illinois) at 90 to 120
lh1. Digital cine loops of regional function and myocar-
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June 6, 2006:2187–93 Fractional Flow Reserve Early After MIial perfusion were acquired from the apical four-, two- and
hree-chamber views using harmonic imaging and intermit-
ent ultraharmonic imaging, respectively (Sonos 5500, Phil-
ps Ultrasound, Andover, Massachusetts). Ultrasound trans-
ission was gated to end-systole. Imaging settings were
eld constant throughout the study. Contrast-enhanced
mages were obtained at pulsing intervals (PIs) of 300 ms to
s and acquired on a magneto-optical disk.
Rest and DP-stress studies were analyzed offline using
ide-by-side display by a single blinded observer. In the
nfarct bed (akinetic segments), normal resting flow was
efined as complete myocardial opacification at a PI of4 s
10). Perfusion defects at long pulsing intervals represented
he no-reflow zone. Abnormal hyperemic flow was defined
s incomplete myocardial opacification at a PI 1 to 2 s
uring stress. Myocardial contrast echocardiography perfu-
ion was classified as normal if both resting and hyperemic
ow were normal. Stress perfusion defects were classified as
eversible or fixed using the same 14-segment model as
PECT.
tatistics. Results are reported as mean  SD unless
therwise indicated. Chi-square analysis was performed for
omparison of binary variables. Comparisons between con-
inuous variables were performed by Student t tests. A
earson’s correlation was used to define a continuous
elation between FFR and SPECT segmental difference
core. The sensitivity, specificity, positive and negative
redictive values, and diagnostic accuracy of FFR 0.75 for
etermining reversibility by SPECT and MCE were deter-
ined. The k statistic was used to investigate the concor-
ance between FFR values and SPECT/MCE. Receiver-
perator characteristics were calculated for FFR predicting
eversibility by noninvasive testing. A p value 0.05 was
onsidered significant.
ESULTS
atient enrollment. Of 75 patients enrolled, 27 were
xcluded because of coronary anatomy requiring surgery,
RA occlusion, or inability to identify the IRA. The
emaining 48 patients underwent baseline SPECT and FFR
easurements and constituted the first FFR/SPECT anal-
sis. Of these 48 patients, 43 underwent PCI and 37
ost-PCI FFR. Five of 48 patients had fixed defects,
on-critical coronary stenoses by QCA, and FFR 0.75
nd were treated medically.
Follow-up SPECT was performed in 31 patients at a
ean of 11  9 weeks after PCI. Of these 31 patients, 24
ad true positive and true negative SPECT. Post-PCI FFR
as available in 21 of these patients. The second FFR/
PECT comparison consisted of 45 paired studies of
aseline FFR with true positive/true negative SPECT or
ost-PCI FFR paired with delayed SPECT. In 23 patients
ho underwent MCE, baseline FFR was compared to
CE. Finally, because of lack of a perfect noninvasive goldtandard, 55 FFR data points were compared to a combined roninvasive standard, defined positive if either MCE or true
ositive/true negative SPECT was reversible and negative if
oth tests were fixed. These 55 FFR data points consisted of
5 true positive/negative SPECT data (13 of which also had
CE data) and 10 patients with MCE without true
ositive/negative SPECT data.
linical parameters. Table 1 shows the clinical character-
stics of the 48 study patients. Seventy-three percent had
TEMI and received thrombolytics. Peak TnI was 108 
20 ng/dl, and time from MI to catheterization was 3.7 
.3 days. The MI risk area was 35  13% of the myocar-
ium. Mean DS of IRA was 75  13%. Thirty-three
ercent had moderate (DS  40% to 70%) lesions and 67%
ad DS 70%. Mean FFR was 0.65  0.17. Post-PCI DS
nd FFR were 5.0  7.6% and 0.94  0.05, respectively.
orrelation between FFR and SPECT. Baseline SPECT
as reversible in 54% of patients and fixed in 46%. Patients
ith reversible and fixed SPECT defects had similar infarct
isk area (36 13% vs. 34 14%; pNS), SSS (8.7 5.0
s. 7.5  6.7; p  NS), and DS (76  10 vs. 70  13; p 
S). Segmental difference score was significantly higher
4.4  3.0 vs. 0.1  0.4, p  0.001) and FFR significantly
ower (0.58  0.13 vs. 0.75  0.17; p  0.001) in patients
ith reversible compared with fixed SPECT. A significant
nverse correlation was observed between FFR and SDS,
y  6.9885x  7.0233, r  0.39, p  0.01).
An FFR 0.75 had a sensitivity of 88%, specificity of
0%, positive predictive value (PPV) of 68%, negative
redictive value (NPV) of 79%, and concordance of 71% for
redicting the presence of a reversible defect on SPECT.
Discordances between FFR and baseline SPECT were
emonstrated in 14 patients. Among 3 of 14 patients with
able 1. Clinical Characteristics (n  48)
ge (yrs) 58  11
ale % 37 (76%)
TEMI 36 (73%)
ypercholesterolemia 30 (61%)
iabetes mellitus 11 (22%)
ypertension 28 (57%)
ctive smoking 21 (43%)
ultivessel CAD 17 (35%)
VEF (%) 53  9
eak troponin I (ng/dl) 108  120
ime to cath (days) 3.7  1.3
nfarct zone segments (n/14) 4.9  0.4
isk area (%LV) 35  13
nfarct-related artery
RCA 21 (43%)
LAD 15 (31%)
LCx 12 (24%)
Diagonal 1 (2%)
Diameter stenosis 75  13%
LD 0.84  0.41
FR 0.65  0.17
AD  coronary artery disease; FFR  fractional flow reserve; LAD  left anterior
escending; LCx  left circumflex; LVEF  left ventricular ejection fraction;
LD  mean luminal diameter; RCA  right coronary artery; STEMI 
T-segment elevation myocardial infarction.eversible SPECT and FFR0.75, 1 had FFR 0.83 and DS
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Fractional Flow Reserve Early After MI June 6, 2006:2187–931%, underwent PCI, and follow-up SPECT remained
eversible, suggesting that baseline SPECT was false posi-
ive. The second patient had FFR 0.78 and DS 77%,
nderwent PCI, and follow-up SPECT normalized, sug-
esting true positive baseline SPECT. The third patient had
FR 0.86, DS 53% with an ulcerated lesion, underwent
CI, with follow-up SPECT becoming fixed, suggesting
rue positive baseline SPECT.
Follow-up SPECT was performed in 8 of 11 patients
ith FFR 0.75 and fixed SPECT defects. Six of these
ight patients were reclassified as reversible when stress
PECT was paired against delayed-rest SPECT, suggest-
ng that the baseline SPECT was falsely negative. All five
CEs available in these six patients demonstrated revers-
ble defects (Fig. 1).
Fractional flow reserve 0.75 had a sensitivity of 88%,
pecificity of 93%, PPV of 88%, NPV of 93%, and diag-
ostic accuracy of 91% (chi-square 1  109) for detect-
ng reversibility on true positive/negative SPECT (Fig. 2).
orrelation between FFR and MCE. Myocardial con-
igure 1. (A) Baseline rest and dipyridamole (DP)-stress vertical long axis
ollow-up rest images are shown from a patient with anterior myocardial inf
est images there is a fixed perfusion defect in the anteroapical wall. Wh
eversible. (B) Rest and post-DP stress myocardial contrast echocardiograp
n apical-lateral perfusion defect during DP that was not present at rest, i
he left anterior descending coronary artery. (D) Fractional flow reserve (FFrast echocardiography was reversible in 78% of patients and dxed in 22%. Fractional flow reserve in patients with
eversible MCE was significantly lower than those with
xed MCE (0.58  0.14 vs. 0.87  0.07; p  0.001).
ractional flow reserve 0.75 had a sensitivity of 90%,
pecificity of 100%, PPV of 100%, NPV of 75%, and a
iagnostic accuracy of 93% for predicting reversible defects
n MCE (chi-square 0.00005) (Fig. 3).
FR and reversibility on SPECT or MCE. Concordance
etween FFR and noninvasive tests was seen in 50 of 55
atients, kappa  91%, chi-square  2  109 (Fig. 4). A
FR0.75 has a sensitivity of 88%, specificity of 94%, PPV
f 91%, and NPV of 91% for predicting reversibility by
ombined noninvasive testing. Receiver-operator character-
stic analysis identified an FFR 0.78 as the optimal value
or detecting noninvasive reversibility (Fig. 5).
We found no significant difference in sensitivity of FFR
0.78 to detect true reversibility on SPECT or MCE in
mall, medium, and large infarct sizes (100% vs. 100% vs.
7%, respectively, p  NS).
CA and noninvasive imaging. There was no significant
e-photon emission computed tomography (SPECT) images and 10-week
n who received thrombolytic therapy. When DP stress is paired with initial
stress in paired with the delayed rest images, SPECT is reclassified as
ages from the apical four-chamber view of the same patient demonstrate
ing reversibility. (C) Angiogram of the patient showing an 84% lesion in
cings showing an FFR of 0.48. QCA quantitative coronary angiography.singl
arctio
en DP
hy imifference in QCA in patients with reversible or fixed
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June 6, 2006:2187–93 Fractional Flow Reserve Early After MIPECT (76  10% vs. 71  13% p  NS), true
eversible or fixed SPECT (75  11% vs. 71  12% p 
S), or reversible or fixed MCE (76  1 2% vs. 68  19%;
 NS).
ISCUSSION
ur study demonstrates that in medically stabilized patients
fter MI with patent IRAs, FFR 0.75 has: 1) high
ensitivity (88%), limited specificity (50%), and a 71%
iagnostic accuracy for detecting reversibility on SPECT
maging, which improves to 88%, 93%, and 92%, respec-
ively, when only true positive SPECT studies were consid-
Figure 2. Concordance between FFR and SPECT (DP-strFigure 3. Concordance between FFR andred; 2) high sensitivity (89%), specificity (100%), and
iagnostic accuracy (91%) for detecting reversibility on
CE; and 3) high sensitivity (91%), specificity (93%), and
iagnostic accuracy (92%) for detecting reversibility using a
ombined SPECT/MCE gold standard. An FFR 0.78
as found to provide optimal discriminatory power for
etecting reversibility on SPECT or MCE, with no signif-
cant loss in sensitivity to detect ischemia in large infarct
izes.
Debate has arisen regarding the accuracy of FFR after
I, as FFR determination depends upon the assumption
hat vasodilator-mediated hyperemia achieves a state of
ired with late rest imaging). Abbreviations as in Figure 1.MCE. Abbreviations as in Figure 1.
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Fractional Flow Reserve Early After MI June 6, 2006:2187–93inimal and constant coronary resistance (8,11,12). De-
ruyne et al. (7) showed that FFR identified inducible
schemia on SPECT in patients 20  27 days (range 6 to
70 days) after MI, specifically excluding patients with MIs
ithin six days of FFR assessment. Therefore, to date,
hether FFR assessment of an IRA early after infarction has
iagnostic value has remained uncertain. In this setting,
icrovascular stunning and injury, thromboemboli, platelet
lugging, coronary vasospasm, and endothelial dysfunction
ay diminish microvascular reactivity, necessary for both
nvasive and noninvasive physiologic testing. Several inves-
igators have shown that myocardial flow reserve is reduced
arly following infarction and improves over time (13,14).
hus, the fidelity of all vasodilator-dependent physiologic
tudies may be affected early after MI, a time when many
atients undergo risk stratification. However, we found
pproximately one-third of our patients to have angio-
raphically indeterminate lesions early after MI, and we
ave previously shown that visual angiographic analysis
Figure 4. Concordance between FFR and combinFigure 5. Sensitivity and specificity curves of fractional flow reservrequently overestimates the hemodynamic significance of
ndeterminate lesions (15). Therefore, the finding that FFR
orrelates well with state-of-the-art noninvasive imaging
uggests that it may be an acceptable alternative to nonin-
asive physiologic testing to evaluate moderate lesions early
fter MI.
We found a better correlation between FFR and MCE
han between FFR and baseline SPECT in patients early
fter MI. This likely relates to underestimation of revers-
bility by SPECT imaging performed early after MI owing
o falsely diminished rest tracer uptake in this time period
16–18). Our observation that the specificity of FFR 0.75
or detecting reversibility on SPECT increased from 50% to
3% when only true positive and negative SPECT studies
ere considered supports the notion. The mechanism for
he underestimation of rest flow by tracer uptake early after
I is not known but may relate to the limited spatial
esolution of SPECT (15 mm for SPECT vs. 1 mm for
CE) or the partial volume effect (19). Another reason for
ninvasive imaging. Abbreviations as in Figure 1.e for detecting reversibility of combined noninvasive testing.
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June 6, 2006:2187–93 Fractional Flow Reserve Early After MIhe better correlation between FFR and MCE is that these
echniques both assess blood flow within the infarct bed, unlike
PECT, which provides an assessment of relative differences
n blood flow between different vascular territories.
tudy limitations. Not all patients underwent baseline
CE and post-revascularization SPECT imaging. How-
ver, no significant differences in baseline characteristics,
nfarct location, or DS of IRA were noted between patients
ho underwent the full study protocol compared with those
ho did not.
Given reduction in early post-MI vasodilator reserve, it
s possible that both FFR and noninvasive testing under-
stimate the hemodynamic significance of residual lesions
n IRAs.
Patients with occluded IRAs and massive infarcts with
emodynamic instability were excluded from this study; there-
ore, the observed relationship between FFR and residual
schemia in the IRA does not apply to that subgroup of
atients. However, ability of FFR to identify noninvasive
schemia should apply to most reperfused STEMI and non-
TEMI, as we enrolled consecutive unselected patients in our
tudy.
onclusions. Fractional flow reserve of the IRA accurately
dentifies reversibility on noninvasive imaging early after MI.
hese findings support the utility of FFR early after MI.
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